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The lateral line organ is a mechanosensory organ of fish
and amphibians that detects changes in water flow. The
lateral line organ of zebrafish has been used as a model
for cell polarity and collective cell migration as well as
hair cell loss and regeneration. A combination of genetic
tools and live imaging has allowed dissection of signaling
pathways that regulate these processes. Here, we summa-
rize recent findings on the roles of the FGF, Wnt/beta-
catenin, and Notch pathways in the initial formation of
the posterior lateral line primordium, as well as during
organ patterning, migration, cell fate specification and
hair cell regeneration.
The lateral line system is a ‘distant-touch’ sensory organ in
fish and amphibians that detects water motion and pressure
relative to the animal’s body [1,2]. This allows for predator
and prey detection, object avoidance and social behaviors,
such as schooling and sexual courtship [3]. The lateral line
comprises a series of individual neuromasts — cell clusters
containing mechanosensory hair cells that are innervated
by afferent and efferent neurons and surrounded by nonsen-
sory support cells (Figure 1A,B) [4–6]. Lateral line hair cells
also share structural, functional and molecular similarities
with the hair cells in the vertebrate inner ear [7,8]. The lateral
line system has become increasingly popular as a model for
studying the coordination of cell migration and morphogen-
esis, in addition to its use for studying hair cell biology
relating to human hearing and balance disorders.
Much work in recent years has focused on the lateral line
system of the zebrafish (Danio rerio) [9,10], whose accessi-
bility on the surface of the body has allowed easy visualiza-
tion for live imaging. In particular, recent studies have exam-
ined how chemokine, fibroblast growth factor (FGF), and Wnt
signaling pathways translate localized signaling events into
coordinated cellular behaviors [11–13]. Lateral line hair cells
have also been the focus of studies on hair cell death [14–17],
regeneration [14,18–20] and innervation [21,22]. Studies of
hair cell formation during neuromast maturation and during
regeneration have begun to uncover the processes that
regulate tissue homeostasis.
Development of the Posterior Lateral Line
The lateral line system of zebrafish encompasses two major
branches: an anterior lateral line located around the head,
and the posterior lateral line that runs down the length of
the trunk and tail. The posterior lateral line arises during
development by the deposition of neuromasts by a migrating
primordium [23]. The posterior lateral line primordium forms
between 19 and 25 hours after fertilization just posterior to
the developing ear from the lateral line placode, one of
several ectodermal thickenings that give rise to sensory
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rior lateral line placode become the posterior lateral line
ganglion, the neurons that will innervate lateral line hair cells
and convey information to the adjacent hindbrain. The poste-
rior cells form the primordium, a mass of over a hundred cells
that migrates caudally to the tip of the tail, depositing clus-
ters of 20–30 cells as neuromasts in its wake at regular inter-
vals of every 5–7 somites (Figure 1C). This process results in
5–6 primary neuromasts (L1–L6) being positioned along the
trunk and tail as well as 2–3 terminal neuromasts formed
from the fragmentation of the primordium at the tip of the
tail [6]. The growth cones of axons of the lateral line ganglion
migrate along with the primordium, innervating neuromasts
as they are deposited [23,26].
The migrating posterior lateral line primordium shows
a segmental pre-pattern along the axis of migration, with
cells in the trailing region organized into distinct rosettes of
cells, each corresponding to a protoneuromast that is later
deposited, and the leading third remaining unpatterned
[9,11,12]. Cells within the rosettes exhibit a distinct
morphology with a radial arrangement, apical constriction
and basally positioned nuclei. Cells behind the leading
edge become columnar epithelia and undergo apicobasal
polarization before actin-rich membranes become con-
stricted and apical junction proteins become enriched into
focal points to form rosettes [12,27]. The cell polarity regula-
tors Lethal giant larvae 2 (Lgl2) and its ortholog Lgl1 control
the maturation of the apical junction belt essential for rosette
organization [27].
Polarization of the primordium along its anterior-posterior
axis is critical for migration. The two chemokine receptors
cxcr4b and cxcr7b are differentially expressed in the cells of
the primordium. Migration is directed by differential interac-
tions between these chemokine receptors with their ligand
SDF1a, which is expressed in a narrow stripe along the hori-
zontal myoseptum, the path of migration [6,28–32]. The roles
of chemokine signaling in lateral line patterning have been
recently reviewed in detail elsewhere [9].
The graded maturation of protoneuromasts within the
primordium is also reflected along the axis of migration
(Figure 2). This process can be thought of as analogous to
an assembly line, with protoneuromast rosettes being
passed in conveyor belt-like fashion towards deposition at
the trailing edge. The gradient of maturation is established
during the initial outgrowth of the primordium, with proto-
neuromast rosettes being added sequentially from the
leading end, and migration commencing once two to three
rosettes are formed [11]. The onset of neuromast deposition
is associated with the generation of a fourth rosette behind
the leading edge. This cyclical process of new rosettes being
generated in the leading zone soon after the deposition of
neuromasts continues throughout primordium migration
(Figure 2).
Cells near the leading edge of the primordium have been
proposed to act as a progenitor zone for protoneuromast
production. This hypothesis was tested by following cell
fates of a small cluster of labeled cells in the leading edge
[11]. After migration was completed, the majority of cells in
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R382posterior neuromasts as well as the terminal clusters had
originated from the labeled cells near the leading edge.
This progenitor zone model is also supported by analysis
of proliferation along the primordium, with elevated levels
of proliferation toward the leading edge and quiescent cells
towards the trailing edge [33].
Regulation of Neuromast Formation and Primordia
Migration
Several recent studies have shed light onto the molecular
mechanisms regulating the regional organization of the
primordium and its migration — in particular, interactions
between FGF and Wnt/b-catenin signaling [11–13]. FGF
signals are critical for patterning the primordium into rosettes,
while Wnt/b-catenin signaling regulates patterning partly
by modulating FGF signaling. If FGF signaling is blocked,
the primordium becomes disorganized after the deposition
of a single neuromast, and primordium migration ceases
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Figure 1. Zebrafish neuromast anatomy and
posterior lateral line development.
(A) Deconvolved multiphoton image of a
zebrafish neuromast. All nuclei are labeled
green by a histone-GFP fusion and hair cells
are labeled red by a-tubulin-Tomato expres-
sion. (B) Schematic diagram of a neuromast
cross-section showing different structures,
cell types, and innervation. (C) Schematics
showing development of the posterior lateral
line (pLL). The posterior lateral line primor-
dium at 32 hours after fertilization has
migrated approximately halfway down the
length of the trunk with two neuromasts
deposited, L1 and L2. At 3 days after fertiliza-
tion, the posterior lateral line consists of five
neuromasts (L1–L5) with 2–3 terminal neuro-
masts. The posterior lateral line ganglion is
located caudal to the developing ear and
neuromasts are invervated by the posterior
lateral line nerve. Neuromasts in the anterior
lateral line are not all shown (hpf: hours post-
fertilization; dpf: days post-fertilization).
(D) Schematic showing innervation of hair
cells across multiple neuromasts by afferent
neurons. Afferent fibers from a single nerve
form synapse onto hair cells of only one
polarity, as indicated by matching hair cell
color.
[11,12]. Furthermore, the transition to
columnar morphology behind the
leading edge is lost, and cells remain
flattened similar to those of the leading
edge [12]. Blocking FGF signaling prior
to posterior lateral line primordium
formation did not inhibit formation or
initial migration of the primordium, sug-
gesting its primary role may be in the
generation of protoneuromast rosettes
[11]. Consistent with this idea, excess
rosettes formed after ectopic expres-
sion of FGF [12].
FGF3 and FGF10 act synergistically
to mediate FGF signaling in the poste-
rior lateral line primordia. Both ligands
are expressed near the leading edge in a position suitable to
regulate the generation of protoneuromast rosettes, and are
downregulated in the trailing edge with additional foci of
FGF10 expression in one or two cells in the centers of the
trailing rosettes (Figure 3A). Inactivation of both FGF3 and
FGF10 replicated the phenotype observed with FGF inhibi-
tion, whereas loss of either ligand alone showed only mild
primordium disruption [11,12]. Expression of the receptor
FGFR1 and the downstream target pea3 is complementary
to that of FGF3 and FGF10, with high expression levels in
the trailing zone, but absent at the leading edge and downre-
gulated in the FGF10 foci (Figure 3A) [11,12], indicating that
FGF signaling is active in the trailing zone, but absent from
the leading zone.
Mosaic analysis demonstrated that regulated FGF
signaling is critical for the proper timing and spacing of neu-
romast deposition [11]. When wild-type cells are trans-
planted into primordia deficient in FGF3/10 signaling, they
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Figure 2. Zebrafish lateral line primordium
segmentation model.
Initial formation of the primordium consists
of cellular organization into rosettes (top).
Protoneuromast rosettes are formed behind
the leading zone, which are marked with
a different color that is consistent throughout
rosette maturation. Migration initiates upon
the formation of 2–3 rosettes, and the onset
of deposition with the formation of a fourth
rosette. New rosettes are cyclically formed
in the leading zone after neuromast deposi-
tion and continue throughout the course of
posterior lateral line primordium migration.
Figure adapted from [11].
are able to recruit host cells into
rosettes and restore neuromast depo-
sition. However, because wild-type
cells were differentially incorporated
into the primordium, protoneuromast
production was variable and the
number and distribution of deposited
neuromasts were, therefore, random-
ized. These results suggest a model
where proper spacing of neuromasts
along the trunk is controlled by the
rate of protoneuromast production
within the primordium, a process
tightly controlled by FGF signaling.
The Wnt signaling pathway plays an
important role in regulating FGF signals
[13]. Constitutive Wnt/b-catenin activa-
tion results in upregulation of FGF3 and
FGF10, while conversely, FGF expres-
sion is decreased when Wnt/b-catenin
signaling is reduced. Expression of
the Wnt/b-catenin target genes lef1
and axin2 is normally restricted to the
leading zone (Figure 3A), thus support-
ing the hypothesis that Wnt/b-catenin
signaling regulates FGF expression in
this region. The FGF inhibitor sef is
also regulated by Wnt signaling. Normally expressed in the
leading zone (Figure 3A), sef is ectopically expressed in trail-
ing cells upon FGF inhibition or Wnt/b-catenin activation and
downregulated by Wnt/b-catenin inhibition [13]. Further-
more, FGF signals feed back to the Wnt pathway to limit its
action [13]. The Wnt/b-catenin inhibitor dkk1, which is ex-
pressed immediately adjacent to the leading zone of Wnt/
b-catenin signaling (Figure 3A), is absent upon FGF
inhibition. Therefore, there is a negative feedback loop in
which FGF signaling inhibits Wnt/b-catenin through the
inhibitor dkk1 (Figure 3B), thus spatially restricting Wnt/b-
catenin to the leading zone in the migrating primordia [13].
Likewise, upregulation of FGF3/10 in embryos with blocked
FGF signaling is caused by expansion of Wnt/b-catenin
activity [11–13].
Alterations in Wnt signaling have consequences on pri-
mordium migration and indirectly on neuromast patterning
through its regulation of FGF signaling. In a zebrafish mutant
for APC, a negative regulator of the Wnt/b-catenin pathway,
individual cells in the trailing zone of the primordium
randomly tumble and stall migration and a band of disorga-
nized cells is deposited at the trailing end [13]. When Wnt/
b-catenin signaling was inhibited during migration, primordia
continued to migrate to the tail tip without the generation of
rosettes. Thus, Wnt/b-catenin activation is not required for
migration, but primordium migration is inhibited by its consti-
tutive activation [13]. Identification of the Wnt ligand involved
and determining its distribution will help clarify how this
signaling pathway acts to regulate lateral line primordium
patterning.
Wnt/b-catenin and FGF signaling have been suggested to
regulate primordium migration by controlling the polarized
expression of the chemokine receptors cxcr4b and cxcr7b.
FGF inhibition or constitutively active Wnt/b-catenin
signaling [11,13] result in ectopic expression of cxcr4b in
the trailing cells and the absence or reduction of cxcr7b.
Inhibiting Wnt/b-catenin signaling, however, has no effect
on cxcr4b expression, but expands cxcr7b into the leading
zone, thus suggesting that Wnt/b-catenin signaling at the
leading edge is responsible for inhibiting cxcr7b expression
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R384and maintaining polarized expression (Figure 3B) [13]. Direct
tests of these regulatory interactions and the control of
migration await further study.
A recent study [34] showed that inactivation of kal1a
blocked primordium migration, reduced neuromast deposi-
tion, and blocked full extension of the sensory neurons.
kal1a is one of the zebrafish homologues that encode the
Anosmin-1a extracellular matrix protein responsible for the
X-linked form of Kalmann syndrome — a disease impairing
cell migration and axon elongation — and has been hypothe-
sized to be an enhancer of FGF signaling [35]. Expression of
kal1a is similar to that of cxcr4b, high in the leading zone
and downregulated at the trailing region (Figure 3A), but inde-
pendent of CXCR4b/SDF1a signaling. However, migration
appears to be synergistically blocked by moderate depletion
of both kal1a and sdf1a, suggesting that anosmin-1a is an
essential cofactor in SDF1a-mediated signaling [34]. Interest-
ingly, deficient FGF signaling has been found to be involved
in a form of Kallman syndrome, suggesting that the link
between FGF and kal1 may be conserved in lateral line
patterning [35].
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Figure 3. Gene expression and pathway
interactions within the posterior lateral line
primordium.
(A) Summary of gene expression patterns of
various signaling pathways and their func-
tions within the migrating primordium. Func-
tion(s) of particular pathways are checked.
(B) Schematic model showing interactions
between the Wnt/b-catenin signaling pathway
in the leading zone and FGF signaling in the
trailing zone of the primordium. Schematic
adapted from [13].
Hair Cell Precursor Specification,
Differentiation and Regeneration
In zebrafish, neuromasts are mature
with functional hair cells by three days
after fertilization [9] and vary in size
from approximately 8 to 20 hair cells
by five days after fertilization [5,14,18].
Sensory hair cells are surrounded by
nonsensory support cells, with basal
nuclei and apical projections that inter-
calate between the hair cells [4]
(Figure 1B). The support cells are in
turn surrounded by mantle cells which
form a rind around the neuromast
[17,20]. The hair cells within the neuro-
mast are polarized in the plane of the
epithelium [36], with the kinocilium at
the tall end of the staircase of stereoci-
lia defining the direction of mechano-
sensation [37]. During neuromast de-
velopment, divisions of the hair cell
progenitors produce pairs of hair cells
with opposite hair-bundle polarity, re-
sulting in two sets of hair cells across
a plane of mirror symmetry [19]. The
hair cell bundles of some neuromasts
are oriented parallel to the body axis,
while others are oriented perpendicular
to it [19]. Individual afferent neurons
form synapses only with hair cells of only one orientation
type, both within a single neuromast and across multiple
neuromasts (Figure 1D) [21,22].
As neuromasts grow and mature, new hair cells are
constantly added as others perish [38]. In addition, hair cells
can be regenerated after they have been artificially elimi-
nated by exposure to toxic compounds. Lateral line hair
cell regeneration is rapid, with near complete renewal by
72 hours after hair cell damage [14,15,18–22,38]. The number
of new hair cells generated highly correlates with the original
number of hair cells prior to removal [18], indicating that
there are mechanisms that limit hair cell numbers. Bromo-
deoxyuridine (BrdU) labeling reveals that many of the new
hair cells are produced from proliferative precursors
[14,18,20]. New hair cells of opposite hair bundle polarity
arise in pairs from single divisions [19] and afferent neural
contacts are promptly reestablished with new hair cells of
the same polarity as those originally innervated.
Some of the signals that are required for rosette organiza-
tion within the migrating primordium are also necessary for
proper specification of hair cell precursors [11]. Previous
Review
R385studies have shown that FGF signaling drives the genesis of
hair cells in the zebrafish inner ear through the activation of
the bHLH transcription factor atoh1a [39]. In the migrating
primordium, expression of atoh1a and the Notch ligand
deltaA is progressively restricted to a single central hair
cell precursor at the trailing end and the deposited neuro-
mast, whereas notch3 is expressed in the presumptive
support cells (Figure 3A) [40,41]. Inhibition of atoh1a blocks
lateral line hair cell formation [11,41]. Expression of atoh1a,
deltaA, and notch3 were all absent in embryos deficient in
FGF3 and FGF10 [11]. By contrast, hair cells and support
cells were able to differentiate when Wnt signaling was
perturbed [13].
To test if FGF regulation of primordium organization and
cell specification are independent processes, cells lacking
FGF signaling were transplanted into wild-type embryos
[11]. Even though the FGF-signaling deficient cells were
able to incorporate into all neuromasts, none differentiated
into hair cells, indicating that FGF signaling is necessary
for hair cell, but not support cell, specification [11]. However,
protoneuromast organization is also not dependent upon the
differentiation of hair cell precursors, as embryos lacking
atoh1a function show proper rosette organization and neuro-
mast deposition, and no change in FGF10 or pea3 expres-
sion [11]. These results suggest that FGF signaling acts inde-
pendently to regulate the organization of rosettes and the
specification of hair cell precursors within the rosettes [11].
Similarly, multiple independent roles are also observed for
Anosmin-1, where in addition to the migration defect, kal1a
may also have a role in hair cell differentiation or precursor
specification [34]. This later role is in accord with continued
expression of kal1a seen in the deposited neuromasts [34].
The restriction of atoh1a and deltaA within the migrating
primordium is the result of lateral inhibition by Notch
signaling [40,41]. Reduction in atoh1a function results in
the broadening of its expression domain, as would be pre-
dicted from the loss of deltaA expression [11,12,39]. Block-
ing Notch signaling during primordium migration also
expands the atoh1a expression domain [12]. This phenotype
is similar to that of the zebrafish mind bomb (mib) mutant,
which is defective in Delta processing [40–42]. Failure of
lateral inhibition in mib mutants results in expanded atoh1a,
deltaA, and deltaB domains in the migrating primordium,
while notch3 is restricted from a greater number of cells at
the trailing end. Consequently, excess hair cells are
produced at the expense of support cells [40]. Neither pertur-
bation of atoh1a function nor alterations in Notch signaling
result in deficits in neuromast production or primordium
migration, suggesting that they act downstream of FGF
signaling to regulate hair cell differentiation [11].
Notch signaling also plays an important role during hair
cell regeneration [18]. Perturbation of Notch signaling has
no effect on the mature neuromast in the absence of
damage. Expression of notch3, deltaA, and atoh1a is
elevated within the first 24 hours after hair cell death, during
the time of peak precursor proliferation. Inhibition of Notch
signaling results in the overproduction of hair cells by
increasing and prolonging proliferation following damage.
These results suggest that Notch signaling is required to limit
the amount of support cell proliferation in order to limit hair
cell numbers during regeneration [18]. This type of feedback
inhibition provides a mechanism for regulating the size of
regenerating neuromasts and may provide the basis for the
observation that the number of regenerated hair cellscorrelates with the number present prior to damage. Notch
signaling may thus act as a quiescence signal during both
development and regeneration.
Conclusions
Although much progress has been made in identifying
signaling pathways that regulate lateral line development
and their cross-regulatory interactions, many questions
remain. A major area of research revolves around the trans-
lation of signals into cell biological processes that regulate
cell behaviors. These include the cellular processes that
regulate collective migration and how chemokine signals
coordinate the movement of all the cells in the primordium.
How Wnt and FGF signals regulate the changes in cell
polarity associated with formation of protoneuromasts will
also be of interest. In addition, the separation of neuromasts
from the primordium remains a process that is largely unex-
plored; presumably, differential adhesion must coordinate
cohesion of neuromast cells as they dissociate from the
migrating primordium. A second major question is to what
extent these pathways are used during secondary growth.
The lateral line system continues to expand with production
of new neuromasts into the adult [43–45]. It will be interesting
to determine to what extent alterations in primordium
patterning through changes in signaling contribute to the
diversity of lateral line patterning found in different fishes
[46–48].
Acknowledgments
Eva Ma was supported by DC008743. Work from the Raible lab cited in
this review was supported by grants DC005987 and DC008973, and by
the NSF.
References
1. Dijkgraff, S. (1963). The functioning and significance of the lateral-line
organs. Biol. Rev. 38, 51–105.
2. Montgomery, J., Carton, G., Voigt, R., Baker, C., and Diebel, C. (2000).
Sensory processing of water currents by fishes. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 355, 1325–1327.
3. Coombs, S.G.P., and Me`unz, H. (1989). The Mechanosensory Lateral Line:
Neurobiology and Evolution, Volume xvii (New York: Springer-Verlag).
4. Metcalfe, W.K., Kimmel, C.B., and Schabtach, E. (1985). Anatomy of the
posterior lateral line system in young larvae of the zebrafish. J. Comp.
Neurol. 233, 377–389.
5. Raible, D.W., and Kruse, G.J. (2000). Organization of the lateral line system in
embryonic zebrafish. J. Comp. Neurol. 421, 189–198.
6. Gompel, N., Cubedo, N., Thisse, C., Thisse, B., Dambly-Chaudiere, C., and
Ghysen, A. (2001). Pattern formation in the lateral line of zebrafish. Mech.
Dev. 105, 69–77.
7. Whitfield, T.T. (2002). Zebrafish as a model for hearing and deafness.
J. Neurobiol. 53, 157–171.
8. Nicolson, T. (2005). The genetics of hearing and balance in zebrafish. Annu.
Rev. Genet. 39, 9–22.
9. Ghysen, A., and Dambly-Chaudiere, C. (2007). The lateral line microcosmos.
Genes Dev. 21, 2118–2130.
10. Ghysen, A., and Dambly-Chaudiere, C. (2004). Development of the zebrafish
lateral line. Curr. Opin. Neurobiol. 14, 67–73.
11. Nechiporuk, A., and Raible, D.W. (2008). FGF-dependent mechanosensory
organ patterning in zebrafish. Science 320, 1774–1777.
12. Lecaudey, V., Cakan-Akdogan, G., Norton, W.H., and Gilmour, D. (2008).
Dynamic FGF signaling couples morphogenesis and migration in the zebra-
fish lateral line primordium. Development 135, 2695–2705.
13. Aman, A., and Piotrowski, T. (2008). Wnt/beta-catenin and FGF signaling
control collective cell migration by restricting chemokine receptor expres-
sion. Dev. Cell 15, 749–761.
14. Harris, J.A., Cheng, A.G., Cunningham, L.L., MacDonald, G., Raible, D.W.,
and Rubel, E.W. (2003). Neomycin-induced hair cell death and rapid regen-
eration in the lateral line of zebrafish (Danio rerio). J. Assoc. Res. Otolaryngol.
4, 219–234.
15. Hernandez, P.P., Moreno, V., Olivari, F.A., and Allende, M.L. (2006). Sub-
lethal concentrations of waterborne copper are toxic to lateral line neuro-
masts in zebrafish (Danio rerio). Hear Res. 213, 1–10.
Current Biology Vol 19 No 9
R38616. Ou, H.C., Raible, D.W., and Rubel, E.W. (2007). Cisplatin-induced hair cell
loss in zebrafish (Danio rerio) lateral line. Hear Res. 233, 46–53.
17. Owens, K.N., Cunningham, D.E., Macdonald, G., Rubel, E.W., Raible, D.W.,
and Pujol, R. (2007). Ultrastructural analysis of aminoglycoside-induced
hair cell death in the zebrafish lateral line reveals an early mitochondrial
response. J. Comp. Neurol. 502, 522–543.
18. Ma, E.Y., Rubel, E.W., and Raible, D.W. (2008). Notch signaling regulates the
extent of hair cell regeneration in the zebrafish lateral line. J. Neurosci. 28,
2261–2273.
19. Lopez-Schier, H., and Hudspeth, A.J. (2006). A two-step mechanism under-
lies the planar polarization of regenerating sensory hair cells. Proc. Natl.
Acad. Sci. USA 103, 18615–18620.
20. Hernandez, P.P., Olivari, F.A., Sarrazin, A.F., Sandoval, P.C., and Allende,
M.L. (2007). Regeneration in zebrafish lateral line neuromasts: expression
of the neural progenitor cell marker sox2 and proliferation-dependent and-
independent mechanisms of hair cell renewal. Dev. Neurobiol. 67, 637–654.
21. Nagiel, A., Andor-Ardo, D., and Hudspeth, A.J. (2008). Specificity of afferent
synapses onto plane-polarized hair cells in the posterior lateral line of the
zebrafish. J. Neurosci. 28, 8442–8453.
22. Faucherre, A., Pujol-Marti, J., Kawakami, K., and Lopez-Schier, H. (2009).
Afferent neurons of the zebrafish lateral line are strict selectors of hair-cell
orientation. PLoS ONE 4, e4477.
23. Metcalfe, W.K. (1985). Sensory neuron growth cones comigrate with poste-
rior lateral line primordial cells in zebrafish. J. Comp. Neurol. 238, 218–224.
24. Streit, A. (2004). Early development of the cranial sensory nervous system:
from a common field to individual placodes. Dev. Biol. 276, 1–15.
25. Schlosser, G. (2006). Induction and specification of cranial placodes. Dev.
Biol. 294, 303–351.
26. Gilmour, D., Knaut, H., Maischein, H.M., and Nusslein-Volhard, C. (2004).
Towing of sensory axons by their migrating target cells in vivo. Nat. Neurosci.
7, 491–492.
27. Hava, D., Forster, U., Matsuda, M., Cui, S., Link, B.A., Eichhorst, J., Wiesner,
B., Chitnis, A., and Abdelilah-Seyfried, S. (2009). Apical membrane matura-
tion and cellular rosette formation during morphogenesis of the zebrafish
lateral line. J. Cell Sci. 122, 687–695.
28. David, N.B., Sapede, D., Saint-Etienne, L., Thisse, C., Thisse, B., Dambly-
Chaudiere, C., Rosa, F.M., and Ghysen, A. (2002). Molecular basis of cell
migration in the fish lateral line: role of the chemokine receptor CXCR4 and
of its ligand, SDF1. Proc. Natl. Acad. Sci. USA 99, 16297–16302.
29. Li, Q., Shirabe, K., and Kuwada, J.Y. (2004). Chemokine signaling regulates
sensory cell migration in zebrafish. Dev. Biol. 269, 123–136.
30. Dambly-Chaudiere, C., Cubedo, N., and Ghysen, A. (2007). Control of cell
migration in the development of the posterior lateral line: antagonistic inter-
actions between the chemokine receptors CXCR4 and CXCR7/RDC1. BMC
Dev. Biol. 7, 23.
31. Valentin, G., Haas, P., and Gilmour, D. (2007). The chemokine SDF1a coordi-
nates tissue migration through the spatially restricted activation of Cxcr7
and Cxcr4b. Curr. Biol. 17, 1026–1031.
32. Haas, P., and Gilmour, D. (2006). Chemokine signaling mediates self-orga-
nizing tissue migration in the zebrafish lateral line. Dev. Cell 10, 673–680.
33. Laguerre, L., Soubiran, F., Ghysen, A., Konig, N., and Dambly-Chaudiere, C.
(2005). Cell proliferation in the developing lateral line system of zebrafish
embryos. Dev. Dyn. 233, 466–472.
34. Yanicostas, C., Ernest, S., Dayraud, C., Petit, C., and Soussi-Yanicostas, N.
(2008). Essential requirement for zebrafish anosmin-1a in the migration of the
posterior lateral line primordium. Dev. Biol. 320, 469–479.
35. Hardelin, J.P., and Dode, C. (2008). The complex genetics of Kallmann
syndrome: KAL1, FGFR1, FGF8, PROKR2, PROK2, et al. Sex Dev. 2,
181–193.
36. Lopez-Schier, H., Starr, C.J., Kappler, J.A., Kollmar, R., and Hudspeth, A.J.
(2004). Directional cell migration establishes the axes of planar polarity in
the posterior lateral-line organ of the zebrafish. Dev. Cell 7, 401–412.
37. Hudspeth, A.J. (1989). How the ear’s works work. Nature 341, 397–404.
38. Williams, J.A., and Holder, N. (2000). Cell turnover in neuromasts of zebrafish
larvae. Hear Res. 143, 171–181.
39. Millimaki, B.B., Sweet, E.M., Dhason, M.S., and Riley, B.B. (2007). Zebrafish
atoh1 genes: classic proneural activity in the inner ear and regulation by FGF
and Notch. Development 134, 295–305.
40. Itoh, M., and Chitnis, A.B. (2001). Expression of proneural and neurogenic
genes in the zebrafish lateral line primordium correlates with selection of
hair cell fate in neuromasts. Mech. Dev. 102, 263–266.
41. Sarrazin, A.F., Villablanca, E.J., Nunez, V.A., Sandoval, P.C., Ghysen, A., and
Allende, M.L. (2006). Proneural gene requirement for hair cell differentiation
in the zebrafish lateral line. Dev. Biol. 295, 534–545.
42. Haddon, C., Jiang, Y.J., Smithers, L., and Lewis, J. (1998). Delta-Notch sig-
nalling and the patterning of sensory cell differentiation in the zebrafish
ear: evidence from the mind bomb mutant. Development 125, 4637–4644.
43. Webb, J.F., and Shirey, J.E. (2003). Postembryonic development of the
cranial lateral line canals and neuromasts in zebrafish. Dev. Dyn. 228,
370–385.44. Sapede, D., Gompel, N., Dambly-Chaudiere, C., and Ghysen, A. (2002). Cell
migration in the postembryonic development of the fish lateral line. Develop-
ment 129, 605–615.
45. Ledent, V. (2002). Postembryonic development of the posterior lateral line in
zebrafish. Development 129, 597–604.
46. Wada, H., Hamaguchi, S., and Sakaizumi, M. (2008). Development of diverse
lateral line patterns on the teleost caudal fin. Dev. Dyn. 237, 2889–2902.
47. Pichon, F., and Ghysen, A. (2004). Evolution of posterior lateral line develop-
ment in fish and amphibians. Evol. Dev. 6, 187–193.
48. Webb, J.F. (1989). Gross morphology and evolution of the mechanorecep-
tive lateral-line system in teleost fishes. Brain. Behav. Evol. 33, 34–53.
